ABSTRACT
D
ual antiplatelet therapy with aspirin and clopidogrel is associated with reduced risk of thromboembolic complications of endovascular neurointerventions 1 and in percutaneous coronary intervention. 2 However, it is well-recognized that there is a high level of interindividual variability in the antiplatelet response to clopidogrel. [3] [4] [5] Hypo-response to clopidogrel has been shown to be associated with a higher incidence of adverse outcomes, including 3.4-fold increase in cardiovascular mortality, 3-fold increase in nonfatal myocardial infarction, and 4-fold increase in stent thrombosis. 3, [6] [7] [8] [9] Genetic polymorphism of the CYP2C19 allele, crucial to metabolism of clopidogrel into its active metabolite, has been implicated as a mechanism of both hyper-and hypo-response. The interest in this area is demonstrable, with the institution of a boxed warning by the US Food and Drug Administration regarding the risk of adverse outcomes in carriers of the implicated variants. 10 Of note, there exists a subset of patients with hyper-response to clopidogrel who may be at increased risk of hemorrhagic complications. 11, 12 There are few studies that quantify the incidence of hemorrhage in patients with a high level of response to the antiplatelet effects of clopidogrel, and it remains unclear whether testing for response to antiplatelet therapy and adjustment of antiplatelet therapy will have an impact on bleeding risk. In addition, previous results arose from studies of coronary intervention.
11,13
Patients undergoing endovascular neurointervention may differ from the percutaneous coronary intervention population in terms of demographics and cardiovascular risk factors, particularly those being treated for cerebral aneurysm. This difference has the potential to alter the balance of risk between ischemic complications of the procedure and hemorrhagic complications of antiplatelet treatment. This study aimed to describe the incidence of hyper-response to clopidogrel in the population of patients undergoing neurointervention and to investigate the association between clopidogrel hyper-response and the risk of hemorrhagic complications.
MATERIALS AND METHODS
Patients were recruited from those undergoing endovascular neurointervention during the weekly elective session at the Royal Melbourne Hospital between May 2010 and May 2011 (Fig 1) . Patients were excluded if they refused consent, were younger than 18 years of age, or had a history of an acute event (transient ischemic attack, ischemic infarct, or acute intracranial hemorrhage) within the 24 hours before the procedure. Demographic and clinical data collected included age, sex, and cardiovascular risk factors (hypertension, dyslipidemia, diabetes mellitus, smoking history, and history of previous cerebrovascular ischemic events). The study protocol received ethics committee approval.
The standard antiplatelet regimen at our institution is dual therapy with clopidogrel, 75 mg, and aspirin, 100 mg, for the 3 days before an endovascular neurointerventional procedure.
All procedures were performed by 1 of 3 experienced neurointerventionalists. Arterial access was via a 6F femoral sheath, with hemostasis obtained postprocedure by use of an Angio-Seal device (St. Jude Medical, Minnetonka, Minnesota). Systemic anticoagulation with intravenous heparin during the procedure was titrated to an ACT twice normal. The postprocedural unfractionated heparin infusion rate was adjusted on the basis of aPTT.
Whole blood was obtained for testing at the time of the initial femoral puncture; following discard of the first 5 mL, citrated Vacette tubes (VWR, Arlington Heights, Illinois) were filled and inverted 5 times with blood analyzed by using the VerifyNow assay device (Accumetrics, San Diego, California).
The VerifyNow assay is a point-of-care device using a 2-channel disposable cartridge, with platelet aggregation measured by increasing light absorbance through the sample. The first chamber contains a strong agonist for platelet activation independent of aspirin or clopidogrel therapy, providing a baseline platelet function measurement (BASE). The second chamber gives a measurement expressed as P2Y12 reaction units (PRU), representing platelet activation by the adenosine diphosphate-P2Y12 pathway. Percentage of inhibition is calculated from the formula [1 Ϫ (PRU/BASE)]/100. The VerifyNow assay has been shown to correlate well with the current criterion standard light transmittance aggregometry and with other point-of-care assay devices, [14] [15] [16] and it has been validated in a head-to-head comparison of assay methods based on outcome measures. 17 Outcomes were measured by clinical assessment during the hospital admission and at the 6-week review appointment. The primary end point was Thrombolysis in Myocardial Infarction major or minor periprocedural bleeding events. The need for investigation with Doppler sonography or CT or MR imaging of the brain was guided by clinical assessment.
Statistical analysis was performed by using the commercial statistical software STATA, Version 11IC (StataCorp, College Station, Texas). Platelet inhibition is reported as median IQR due to non-normal distribution as assessed by the Shapiro-Wilk test. The Wilcoxon-Mann-Whitney test was used to compare the percentage of platelet inhibition by clopidogrel between bleeding and nonbleeding groups with the corresponding effect size estimated by using median regression. The receiver operator characteristic analysis curve was used to evaluate the percentage of platelet inhibition measured by the VerifyNow assay device as a diagnostic tool for bleeding events. Association between the presence of periprocedural bleeding and the percentage of platelet inhibition was investigated by using logistic regression modeling (both unadjusted and adjusted for mean aPTT and intraprocedural ACT). The statistical significance threshold for all the tests performed was set as P ϭ .05.
RESULTS

Study Population
Forty-seven patients were enrolled in the study, 34 women and 13 men, with a mean age of 56 Ϯ 12 years (range, 30 -78 years). There was a history of hypertension in 46.8%, dyslipidemia in 25.5%, and diabetes mellitus in 4.3% of patients, and 29.8% were current smokers. Previous TIA or ischemic stroke was documented in only 0.9%.
Procedure
All endovascular procedures were performed by 1 of 3 neurointerventionists. All except 1 in the study population received treatment for an intracranial aneurysm, by coil embolization alone (23.4%), with balloon remodelling (21.3%) or stent assistance (19.1%) or by use of a flow-diverting stent (34%). The other patient underwent stent placement for a vertebral artery stenosis. All except 9 patients received ongoing systemic anticoagulation with intravenous heparin following the procedure: 21 patients for up to 24 hours and 17 patients for 48 hours. One patient who had a Factor V Leiden deficiency received 10 hours of intravenous unfractionated heparin postprocedure and then low-molecularweight heparin until therapeutic anticoagulation with warfarin had been achieved.
Treatment of 3 patients deviated from the standard antiplatelet regimen. Two received a single loading dose of 450 mg of clopidogrel at 3 hours or at 5 hours before the procedure. The other had a history of Factor V Leiden deficiency and had been receiving subcutaneous low-molecular-weight heparin due to cessation of his usual long-term anticoagulation with warfarin. The decision was made to give him 3 days of clopidogrel loading at 75 mg daily, rather than dual antiplatelet therapy.
Clopidogrel Response and Bleeding Events
Response to the antiplatelet effects of clopidogrel varied widely, with the percentage of platelet inhibition ranging between 0% and 99% (median, 30%; IQR, 12%-61%). Figures 2 and 3 illustrate the distribution of platelet inhibition and bleeding events among the study population.
Eleven patients had a bleeding event during the procedure or in the 24 hours postprocedure. Thrombolysis in Myocardial Infarction major bleeding events occurred in 3 patients (6.4%). Two of these had documented periprocedural intracranial hemorrhages. A 5-mm left temporal intracerebral bleed occurred in a patient with 99% platelet inhibition and PRU 5, whose right posterior communicating artery aneurysm was treated by placement of a flow-diverting stent. MR imaging of the brain showed no evidence of an underlying cavernoma, mass, or infarct. A tiny subarachnoid bleed within a sulcus at the right vertex occurred in a patient with 94% platelet inhibition and PRU 21, who had a right supraclinoid carotid aneurysm treated by placement of a flow-diverting stent. The other patient had a large retroperitoneal hemorrhage, with levels of platelet inhibition measured at 72% and PRU 83 at the time of the procedure. Because this patient received premedication as a single 450-mg dose of clopidogrel 5 hours before the procedure, this may actually be an underestimation of the achieved platelet inhibition. A large subarachnoid hemorrhage in 1 patient was related to on-table aneurysm perforation, so it was not included in the bleeding group for statistical analysis. Minor bleeding events in 7 (15%) patients were small groin hematomas of little clinical significance.
Clopidogrel response was greater in the 10 patients with a bleed of any size (median platelet inhibition, 63.5%; IQR, 36%-75%) compared with those with no bleeding complication (median platelet inhibition, 19%; IQR, 11%-47%), resulting in a median difference between the degree of platelet inhibition in bleeding and nonbleeding groups of 38% (95% CI, 10.6%-65.4%; P ϭ .015).
Comparison between clopidogrel response in the 3 patients with a major bleed and those with minor or no bleeding demonstrated a more pronounced difference, with median platelet inhibition of 94% (IQR, 72%-99%) versus 24% (IQR, 11.5%-55.5%), resulting in a median difference between percentage platelet inhibition in these 2 groups of 69% (95% CI, 23%-100%; P ϭ .008).
ROC analysis was undertaken to identify an optimal threshold to define hyper-response to clopidogrel. Using 72% or greater platelet inhibition as the criterion, 7 patients (14.9%) were defined as clopidogrel hyper-responders; 42.8% of these patients had a major bleeding complication, while all non-hyper-responders were major bleeding complication-free. If we used a threshold of Ն72% inhibition to define hyper-response, the percentage of platelet inhibition by clopidogrel as a diagnostic tool for clinically significant bleeding events demonstrated high diagnostic capacity (ROC area ϭ 0.96; 95% CI, 0.89 -1), resulting in sensitivity of 100% and specificity of 90.9%. Due to the small sample size and low number of events, caution is required in the extrapolation of these results into clinical practice; larger studies would be required to define and validate a robust threshold for clinical use.
Including minor with major bleeding in the ROC analysis results in a lower diagnostic capacity (ROC area ϭ 0.75; 95% CI, 0.58 -0.93), with a threshold of Ն53% inhibition corresponding to a sensitivity of 70% and a specificity of 75.7%, and is of limited clinical utility. The incidents of minor bleeding in our study were all small groin hematomas, a complication that may be influenced by puncture technique and by achieving inadequate hemostasis at the end of the procedure. Also, because the cutoff below which patients are deemed to be low responders has variably been nominated as anywhere between 23% and 40% platelet inhibition, 6, 7 use of this lower threshold would necessarily result in a narrow therapeutic window.
Systemic Anticoagulation with Intravenous Heparin and Bleeding Events
When divided by bleeding outcome, mean ACT was similar among all groups with 392.2 (95% CI, 354.32-430.15) in those with no bleeding complication, 373.3 (95% CI, 315.67-431) in those with any bleed, and 375 (95% CI, 207.9 -542.1) in those with clinically significant bleed. In the patients whose intravenous heparin was continued in the ward, the mean aPTT was also similar between each of the bleeding outcomes: the postprocedure aPTT was 63.3 (95% CI, (51.09 -75.57) in those with no bleeding complications, 60.4 (95% CI, 49.38 -71.38) in those with any bleed, and 60.6 (95% CI, 54.66 -66.47) in those with a clinically significant bleed.
DISCUSSION
To our knowledge, no previous studies have investigated clopidogrel hyper-response and bleeding risk in the neurointervention population, though a few studies have examined variation in clopidogrel response in this population without describing how the rate of bleeding complications correlated with platelet function test results. [18] [19] [20] [21] Two previously published studies in the cardiac population that specifically address bleeding complications in the context of antiplatelet medication showed a strong correlation between clopidogrel hyper-response and bleeding risk. Sibbing et al 11 found that 38% of patients undergoing percutaneous coronary intervention were hyper-responders, who had a higher incidence of major bleeding (2.2%) compared with the remainder of the population (0.8%). Cuisset et al 12 assessed bleeding risk in the first month after discharge of patients with acute coronary syndrome on dual antiplatelet therapy, finding that the risk of major or minor bleeding was 6.6% for those in the first quartile of clopidogrel response compared with 1.4% in the remainder. This study showed that a strong correlation between the degree of platelet inhibition by clopidogrel and the incidence of periprocedural bleeding complications also exists in patients undergoing elective neurointerventional procedures.
Systemic anticoagulation with heparin remains a potential confounding factor linking clopidogrel hyper-response with an increased risk of perioperative bleeding in this population. The mean intraoperative ACT for the study population was at the upper end of the acceptable range, which could increase the risk of bleeding events regardless of the individual antiplatelet response to clopidogrel. However, because all patients received a similar dose of intraprocedural heparin and there were no differences in ACT measurements between bleeding and nonbleeding groups, the relatively high intraprocedural anticoagulation achieved does not unduly alter the validity of our hypothesis.
Of potential concern is the influence of postprocedural heparin on our results, given that the 2 intracranial hemorrhages occurred in patients who received intravenous heparin following the procedure. However, when the patients who received heparin infusions were divided into groups based on bleeding outcome, there were no differences in the mean aPTT achieved by each group, in contrast to the large difference in clopidogrel effect between the groups. While the relatively high intraoperative ACT and the use of heparin anticoagulation in the postprocedural period may well potentiate the effects of antiplatelet medication on bleeding risk, they do not account for the preponderance of bleeding events among the patients with a high level of response to the antiplatelet effects of clopidogrel.
The possibility that the type of intervention performed may impact bleeding risk is another consideration. The 2 small intracranial hemorrhages in this study group occurred in patients who had undergone placement of a flow-diverting stent. However, it is difficult to implicate traction on arteries or altered flow dynamics related to stent placement in the etiology of these events, given that the bleeding site was distant from the treated vessel in both cases. The early experience of this method of aneurysm treatment emphasizes the potential thrombotic complications of parent vessel occlusion, small artery occlusion, and in-stent thrombosis. A multicenter study of 70 patients treated with the Silk flow-diverting stent (Balt Extrusion, Montmorency, France) reported 3 extracranial hemorrhages but no intracranial hemorrhage. 22 A multicenter study of 31 patients treated with the Pipeline flowdiverting device (Covidien, Irvine, California) reported no hemorrhagic complications.
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A more likely mechanism by which flow-diverting stents could affect periprocedural bleeding risk is in their requirement for postprocedural anticoagulation with intravenous heparin, which accounts for the high number of such patients in our study. In addition, these patients continue to receive at least 6 months of antiplatelet medication, usually with clopidogrel. While the administration of heparin did not significantly affect the results of this study, the need for ongoing clopidogrel administration highlights the potential for clopidogrel hyper-response to increase the cumulative risk of adverse bleeding events.
Differences between patients undergoing neurointerventional procedures and the cardiac patients who have been studied in greater numbers may influence the clinical impact of interindi- vidual variability in the clopidogrel response. In concentrating on elective patients and excluding those with a recent ischemic or hemorrhagic event, our study population is strongly weighted toward patients undergoing treatment for a cerebral aneurysm. These patients tend to be younger with fewer cardiovascular risk factors than those undergoing cerebrovascular or coronary revascularization, so the background risk of thromboembolic events may be reduced. Whether this is offset, or perhaps overshadowed, in the periprocedural period by the need for catheterization of intracranial arteries is uncertain, but regardless, it may have implications for clopidogrel hyper-responders during the 6 -12 months postprocedure when patients with intracranial stents will receive maintenance dual antiplatelet therapy. It is possible that a given antiplatelet dose in a neurointervention patient will be associated with an increased bleeding risk compared with patients undergoing cardiac percutaneous coronary intervention or cerebrovascular stent placement.
Authors of future research into the identification and management of clopidogrel hyper-response should bear in mind the lessons from previous research into hypo-response. Despite the large body of evidence available linking low clopidogrel response to an increased risk of adverse cardiovascular outcomes, differences in assay devices and the choice of statistical methods to define "hyporesponse " mean that researchers have struggled to achieve consensus on the optimal cutoff defining low response.
A different approach to understanding the impact of variability in the clopidogrel response relies on identifying genetic polymorphisms in the CYP2C19 allele that are associated with high or low response. The CYP2C19*2 variant is the most common of several loss-of-function alleles. 5, 24 Conversely, the CYP2C19*17 variant allele causes increased metabolism and function of clopidogrel and has been shown to reduce the incidence of major adverse cardiovascular events in patients with acute coronary syndrome. 25, 26 A target of future research would be a prospective study comparing genetic testing with measures of platelet aggregation to determine which is best able to predict the risk of an adverse bleeding outcome. The high specificity of genetic testing may prove to be a drawback, given the multifactorial etiology of clopidogrel response variability, and the time required to perform genetic testing may reduce its clinical utility in comparison with point-of-care assay devices. In addition, genetic testing will need to include the full panel of CYP2C19 alleles because there is evidence that the combination of high-and low-function variants will result in a low-to-normal function phenotype.
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CONCLUSIONS
Hyper-response to the antiplatelet effects of clopidogrel is associated with a significant increase in bleeding risk in the setting of endovascular neurointervention. Any proposed threshold value for a clinically significant increased risk of major bleeding will require validation with a larger study population. Testing for genetic polymorphisms associated with increased platelet inhibition by clopidogrel is a promising avenue of further research. However, point-of-care assay devices retain the advantage of speed and simplicity of use and will include the effects of nongenetic determinants of platelet function. Standardization of study methodology in future research protocols is of critical importance to provide statistically robust and clinically useful thresholds defining high and low response to clopidogrel.
